The reaction of mucochloric acid with guanosine produces as the major product oxalyl ethenoguanosine together with a minor amount of its degradation product ethenoguanosine. Also present in trace amounts were two sets of regioisomeric α-hydroxy chlorohydrins consisting of interconverting C-6(7) epimers for both C-7(6) stereoisomers, i.e. a total of four stereoisomers were present for each regioisomeric set. Each regioisomeric set consisted of products where a newly-formed six-membered ring was fused onto the nucleobase, one set via N-1 and N-2 of guanosine, the other via N-2 and N-3. The structural elucidation of the compounds was based on NMR studies ( 1 H, 13 C, and 15 N NMR) and a plausible mechanism for their creation is also presented.
Introduction
As part of our broad-based examination of nucleoside adducts 1−5 for the purpose of accumulating an understanding at the unit-base level of the genotoxicity of various mutagens, both naturallyoccurring and those arising from anthropogenic activities, we herein report on additional adducts formed between mucochloric acid (1, MCA) and guanosine (see Scheme 1) . MCA (1) is a chlorinated hydroxyfuranone (CHFs), a distinctive class of compounds renowned for their mutagenicity 6−8 and their ominous presence in domestic waters as a consequence of the practice of chlorination. 6, 8, 9 The reactions of CHFs with purine bases are of interest and concern because of the damage they can inflict upon DNA and other biomolecules.
The main product formed in the reaction of MCA (1) with guanosine (2) has been identified 10 as oxalyl ethenoguanosine (3); a degradation product of 3, ethenoguanosine (4) was also identified 11 as a minor component of the reaction mixture though potentially it can arise by 
Results and Discussion
The reaction of guanosine (2) with MCA (1) yielded 10, 11 oxalyl ethenoguanosine (3) . (20−40%) and ethenoguanosine (4) (a few percent). Also present in trace amounts (< 1%) in the reaction mixture were some products which were isolated initially as a mixture. By analytical HPLC, usually three peaks (ratio 3:2:1 in elution order) were observable for this mixture but occasionally a fourth, quite small peak, could be discerned from beneath the main first eluting peak of this set. Collection of the first peak by semi-preparative HPLC followed by standing of the fraction for some time and then re-analysis provided the first and third peaks in a similar ratio as observed for the original mixture. Similarly, collection and standing of the third peak reprovided the same result whilst collection of the middle peak yielded a mixture of the first (very minor) and second peaks after standing, obviously the interconversion partner of the second peak co-elutes with the first peak and only under optimal conditions could its separation be realized. The contamination of the first peak with the minor species co-eluting with it could conveniently be reduced by allowing the sample to stand; re-establishment of the equilibria led to the formation of the major species of this contaminant at the expense of the contaminant, rechromatography of the sample then allowed collection of a purer sample of the first eluting peak together with the third peak. Thus, for structural analysis, the samples were analyzed as pairs of interconverting species. Needless to say, the NMR data for each interconverting pair were quite similar, but the sets of data for the two samples were also quite similar to each other. Minor differences between various samples of the same product were also noted (vide infra) as well as the instability of labile proton exchange rates, a phenomenon peculiar to DMSO solutions. 3 Furthermore, both samples provided similar, but distinguishable, ESIMS and accurate mass analysis provided a molecular formula of C 13 H 16 N 5 O 7 Cl for both. Given this, gross structural characterization was essentially straightforward and was realized by the standard application of basic 1-D and 2-D NMR techniques and consideration of chemical shifts and carbon multiplicities for all that was required was the identification of the −CH(OH)CCl(OH)CH 2 − propyl segment, as esoteric as it may be. α-Hydroxy chlorohydrins, whilst not unknown, are interesting structural motifs by virtue of their unexpected, almost counter-intuitive, stability and regioisomeric α-hydroxy chlorohydrins (see Scheme 2) were thus postulated as the structures of these trace side-products identified as 5 (peaks 1 and 3) and 6 (peak 2). (1) and guanosine (2) also yields the regioisomeric 5 and 6 as trace products.
Though the gross structures were quickly evident, what was not so readily apparent was the site of attachment of the propyl chain to the base, viz. was it the methylene carbon that was attached to the formerly exocyclic nitrogen or was it the hydroxy methine; and similarly was it N-3 or N-1 of guanosine that was acting as the second nucleophile. Regioisomerism for the same skeletal structure is possible for both 5 and 6 by reverse reaction, i.e. by preferential attack of the endocyclic nitrogens N-1 or N-3, respectively, over the exocyclic nitrogen of 2 onto 1. The comparable nucleophilicity of N-1 is notable at high pH, but this is less certain under the conditions of this reaction however (pH 4.6). The distinction between the various regioisomers was hampered by an insufficient number of essential correlations, e.g. H-8s to C-10 or N-9 in 5 and H-5s to C-3a or N-4 in 6. Moreover, compounding this were several deceptive, four-bond correlations, e.g. H-8 to N-5 in 5 (× 2) and H-7 to N-4 in 6 (× 2). These extended long-range correlations, i.e. over more than three bonds, in 1 H− 15 N HMBC spectra have been a feature frequently observed in past studies. 15−17 But based on the small couplings (ca. 1.1 Hz when directly observable) and the strong NOEs between the proton of the hydroxy methine (H-6 in 5 and H-7 in 6) and an NH proton (H-5 in 5 and H-8 in 6), both sets of compounds must have the hydroxy methine carbon bound to the formerly exocyclic nitrogen of guanosine (1) . This was further emphasized in the case of 6 where the coupling between one of the H-5s and N-4 was ascertained to be over two bonds based on the reasoning of Roslund et al. 2 whereby the sign of this large coupling was discerned to be positive, in accordance with the expectation for a large coupling extending over two bonds and involving one −γ nucleus. The product in greater abundance is expected to have the structure allotted to it, viz. 5, given the likely predominance of N-1 attack over N-3. Substantiating this is the deshielding of all of the methylene H-5s in 6 relative to the methylene H-8s in 5 due to steric compression arising from the ribose unit, though it must be conceded that the H-8s in 5 may be experiencing shielding from the carbonyl group; however, the C-5s of 6 were shielded with respect to the C-8s of 5 reinforcing the assertion. Similar effects on the ribose nuclei, however, could not be discerned. Also consistent with the assigned structures was the shielding of C-10 in both isomers of 5 relative to the C-10s in 6 due to the spatial proximity of the methylene group in the former. The UV spectra for 5 and 6 are essentially congruent and this is a surprising result for the regioisomerism assigned whereby significant differentiation would have been expected given the perturbation to the nucleobase unit. It is clear that each structure can conceivably be present as a pair of interconverting epimers (at C-6 for 5 and C-7 for 6). But each epimer is not racemic as the presence of the ribose unit in addition to the asymmetric centre at C-7(6) leads to a pair of diastereomers for each epimer and thus for each regioisomer a total of four stereoisomers are likely to be present. Careful examination of the NMR spectra revealed that for a number of resonances, more than two signals, up to four in some cases, were indeed apparent, but the extent of this observation varied from sample to sample. It is altogether not unexpected that the individual diastereomers are difficult to observe as the C-6,C-7 diastereomers are almost racemic-like due to the remoteness of the ribosyl unit. Generally though, like the HPLC, the epimers were quite distinct by NMR with signal intensities in the case of only two signals for a particular resonance representative of the ratio available from HPLC.
For the major epimer of 5, the two diastereomers expected to be present are those whereby the two hydroxyls are trans to one another as this offers the optimal conditions for internal hydrogen bonding wherein a chair conformation can be adopted to permit both hydroxyls to be
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Page 69 equatorially orientated. (Noting however, that the conformational mobility and geometrical flexibility of nitrogen can permit the permissive participation of a number of ring conformations in which the nitrogens are situated, or that it can lead simply to the confluence of a single, abstruse structure. 15−18 ) Epimerization to provide a pair of diastereomers, whereby both hydroxyls are disposed in a cis configuration, should also be accompanied by a chair−chair conformational interchange, driven by the need to alleviate the steric hindrance of an axial hydroxyl group and the swapping of an axial chlorine for its geminal hydroxyl (assuming that in the trans case the stabilization afforded by the hydrogen bonding of two equatorial hydroxyls outweighs the axial orientation of a chlorine over a hydroxyl group). This conjecture is lent support by the observation of NOEs between H-6 and one of the H-8s for both epimers, possible only if H-6 is axial in both cases.
Interestingly, for 6, the elution order of the major and minor epimers was reversed. Moreover, the chemical shifts of the propyl carbons, whilst maintaining similar differences between corresponding carbons of the two epimers in comparison to analogous differences in 5, were in reverse order with respect to major vs minor. This suggests that the epimeric equilibrium in 6 is shifted in favor of the epimer with cis hydroxyls. This may be occurring because of hydrogen bonding from the ribose unit to 6-OH, negating the gain of having both hydroxyls equatorial at the expense of an axial chlorine. This distortion in relative energy, however, is not accompanied by a conformational change as again NOEs were observed between H-7 and one of the H-5s for both epimers.
A reaction sequence leading to the main products 3 and 4 has been proposed. 8, 10, 12 The likely course of the reaction giving rise to the products 5 and 6 is depicted in Scheme 3. Even though the predominance of the cyclic form of 1 under the conditions of the experiment is accepted, 8, 12, 19 the course of the reaction nevertheless must occur through the open-chain form of 1 8, 10, 12 with which it is in equilibrium. 19 In the open-chain form, it is the aldehyde carbon that is susceptible to attack by a nucleophile and this course is consistent with labeling experiments performed on analogous reactions. 8, 12 Interestingly, the chlorine in position 3 of MCA (1) is susceptible to net displacement by hydroxide ion to yield mucoxychloric acid (7), 20 another potential electrophile. However, the aldehyde group in the open-chain form of 1 is a powerful electrophile and as such can be expected to be less than discriminating. Reaction with the N-2 amino group will proceed to the major products, but reaction is also possible with either N-1 (to yield 5) or, alternatively, N-3 (to yield 6). Following immonium ion formation and elimination of hydroxide ion by the attack of N-1 on the aldehyde carbon (intermediate A), a similar displacement of the analogous chlorine α to the acid functionality can feasibly also take place to yield intermediate B. This 1,3-dienol structure can then undergo an enol → ketone shift, or more precisely, a 1,3-dienol → α,β-unsaturated ketone shift, and simultaneously release a proton to yield intermediate C. Intermediate C can also conceivably arise from the direct reaction of guanosine (2) with mucoxychloric acid (7). However, this pathway is not thought to be favored on the basis of reduced yields when adenosine was reacted with 7 in comparison with 1.
In the structure of intermediate C, there is the question of the stereochemistry about the C=C double bond in the newly-attached sidechain and the implication it carries regarding the progress of the reaction. However, given the nature of the substituents on this double bond−two electron-withdrawing groups at one end and an electron-donating group at the other−rotation about this bond should be facile 21 The pH at which the reaction was conducted (4.6) results in the products being obtained as salts, but since the products appeared to be more stable when protonated, they were preferentially maintained in this state and the NMR data are thus reported for the protonated species. The site of protonation in 6 was evident by the resonance of N-9, which at −277.9 ppm is consistent with it being the site of protonation; 1, 3, 5, 23 upon deprotonation it obligingly resonated at −213.1 ppm.
Quite curious was the behavior of the observable N-bound H-8 proton in 6, the retention of which was dependent upon the state of protonation of the molecule, i.e. the protonation of N-9. For example, the peak half-width of H-8 in the protonated species was uncharacteristically sharp for an NH proton (ν ½ 9 Hz), and only in the neutral form did it take on typical characteristics of an N-bound exchangeable proton (ν ½ several Hz). This is the converse of what is usually observed. That this was not symptomatic of the system state was evidenced by the presence of both protonated and neutral species in the one solution, with each H-8 signal retaining the aforementioned qualities. This quality of the H-8 signal in the protonated species could even be maintained in systems where the epimerization rate was hastened to such an extent that the rate was observable on the NMR timescale (as indicated by exchange-broadened signals and confirmed by saturation transfer from one H-10 to the other). Even upon the addition of D 2 O to a DMSO-d 6 solution of 6 (or 5), the signal of H-8(5) persisted for some time. This reticent behavior by H-8(5) in 6(5) can simply be rationalized by electron donation of N-8(5) to supplement the formal charge on N-9(4).
open-chain form of 1 mucoxychloric acid (7) reaction with N-1 of guanosine (2) The fact that the compounds do not spontaneously degrade by dehydration or dehydrohalogenation is intriguing and the peculiar stability of these compounds is now a focus for attention. The conjecture is that the molecules adopt a conformation which is unfavorable towards such reactions, the resistance to degradation also assisted perhaps by internal hydrogen bonding. Any change which leads to conformational repositioning and/or disrupts the hydrogen bonding should therefore facilitate dehydration or dehydrohalogenation. Preliminary results by HPLC-ESIMS + analysis revealed that the C-6(7) methoxy derivative {obtained by incubation of 
Experimental Section
General Procedures. Positive mode ESI were recorded on a Fisons ZABSpec-oaTOF spectrometer at a resolution of 7000 using nitrogen as both nebulizing and bath gas. A potential of 8.0 kV was applied to the ESI needle, the temperature of the pepperpot counter electrode was 90 °C, and PEG 200 was used as reference. NMR spectra were acquired at 14.1 T using a Bruker Avance NMR spectrometer equipped with a z-axis field gradient 5 mm inverse broadband probe operating at 600. Unreacted 1 was then removed by extraction with diethyl ether (4 × 50 mL) and the aqueous layer concentrated to a volume of 500 mL by rotary evaporation and stored overnight at 4 °C. The crystalline salts that formed were filtered off and the mixture fractionated by column chromatography over C-18 silica eluting in gradient steps consisting of acetonitrile in water (0, 5, 10, 15, and 20%). Fractions of 25 mL were collected and fractions containing 5 and 6 were combined and concentrated to a volume of 100 mL and then subjected to semi-preparative HPLC to afford compounds 5 and 6 as pale yellow powders. 
